Introduction
============

Cancer is a leading cause of death worldwide with an estimate of 7.6 million deaths per year and 13 million of new cases of cancer per year. The development of cancer is the result of aberrant activation of molecular signals that result from a combination of environmental insults and intrinsic cellular anomalies.[@b1-pgpm-7-087] The continuous identification of molecular targets with potential to drive oncogenesis remains a cornerstone for the designing of new selective cancer therapies.

Since the discovery of the oncogenic chromosomal translocation t(2;5)(p23;q25)[@b2-pgpm-7-087] and the expression of the fusion protein NPM-ALK in the majority of anaplastic large cell lymphoma (ALCL),[@b3-pgpm-7-087] several chromosomal rearrangements and mutations that lead to overactivation of anaplastic lymphoma kinase (ALK) have been identified in a variety of other human tumors.[@b4-pgpm-7-087] Genetic alterations of ALK result in the activation of a diverse set of signaling events that ultimately drive oncogenesis and render transformed cells "addicted" to ALK. The small molecule crizotinib, a selective ATP-competitive inhibitor for ALK has been evaluated in several clinical trials with initial extraordinary results, emphasizing the role of ALK in cancer.[@b5-pgpm-7-087] The following paragraphs will focus on the biological and clinical outcomes that result from overactivation of ALK, as well as the current status of its therapeutic inhibition in cancer.

Oncogenic role of ALK and current therapies
===========================================

Anaplastic large cell lymphoma (ALCL)
-------------------------------------

ALCL accounts for 5% of non-Hodgkin's lymphomas and is the most common form of T cell non-Hodgkin's lymphoma in the pediatric population. ALCL was initially characterized as large tumor cells that resemble malignant histiocytes which were positive for the CD30 antigen.[@b6-pgpm-7-087] The translocation between chromosomes 2 and 5, which involved the 5q35 locus, was originally described in a series of cases of malignant histiocytosis.[@b7-pgpm-7-087] Further analysis that includes the previous reported cases and new lymphoma cases that harbored the t(2;5)(p23;q35) translocation, classified these cases as anaplastic large cell lymphoma by morphological features and CD30 expression.[@b8-pgpm-7-087] The t(2;5)(p23;q35) translocation results in the fusion of the N-terminal portion of nucleophosmin (NPM) with the C-terminal portion of ALK.[@b2-pgpm-7-087]

Other partner genes for ALK translocation events have been described, including TPM3, TFG, MSN, CLTC, and ATIC. However, NPM-ALK accounts for more than 75% of the ALK+ ALCL cases reported.[@b9-pgpm-7-087],[@b10-pgpm-7-087] Expression of ALK rearrangements in ALCL ranges from 65%--85% and is predominant in pediatric cases.[@b10-pgpm-7-087] Different studies have shown that ALK-positive cases display better failure-free survival and overall survival rates than ALK-negative cases.[@b11-pgpm-7-087] However, these differences could be explained because the majority of ALK+ cases are predominant in the pediatric population and if adjusted by age, no significant difference in failure-free survival or overall survival is evident.[@b11-pgpm-7-087] The more important prognostic feature for ALCL is extra-nodal involvement; both ALK-positive and ALK-negative ALCL show the same frequency of extra-nodal presentation.[@b11-pgpm-7-087]

One of the more characterized targets of NPM-ALK is STAT3. Activation of STAT3 by ALK results in increased transcription of genes that prevent apoptosis and promote cell cycle progression.[@b12-pgpm-7-087]--[@b15-pgpm-7-087] STAT3 can also mediate silencing of genes that inhibit STAT3 signaling,[@b16-pgpm-7-087],[@b17-pgpm-7-087] generating a self-activation loop for STAT3 signaling. Perpetuation and activation of STAT3 signaling in ALCL is also enhanced by other pathways, such as JAK3,[@b18-pgpm-7-087] and autocrine effects from IL-9[@b19-pgpm-7-087] and IL-22.[@b20-pgpm-7-087] Secretion of IL-9 or IL-22 is dependent of NPM-ALK, demonstrating kinase-independent pathways of STAT3 activation downstream of NPM-ALK.

Another important mechanism that leads to enhanced STAT3 activation is downstream of beta catenin, whose transcription is itself upregulated by NPM-ALK. Besides the enhancement of STAT3 signaling, beta catenin can also promote the transcription of genes that promote cell proliferation in ALCL.[@b21-pgpm-7-087] The signaling activity of beta catenin is perpetuated by NPM-ALK through phosphorylation of GSK3 beta, downstream of Pi3k/AKT pathways, which are directly phosphorylated by NPM-ALK.[@b22-pgpm-7-087]

Besides resistance to apoptosis and increased proliferation, the oncogenic effects of NPM-ALK extend to different mechanisms, such as increased invasion and reprogramming of cellular metabolism. NPM-ALK phosphorylates PKM2 and promotes a switch in metabolism, inhibiting lactate production and promoting biomass production, which is necessary as substrate energy for proliferation.[@b23-pgpm-7-087] This effect was initially described by Warburg et al and it is recognized as one of the metabolic oncogenic pathways that favors cancer proliferation.[@b24-pgpm-7-087]

Similarly, the oncogenic signature of NPM-ALK encompasses genes that are involved in actin cytoskeleton remodeling, such as paxillin.[@b25-pgpm-7-087] Phosphorylation of MMP-9 downstream of NPM-ALK promotes its activity and the degradation of extracellular matrix, promoting the invasion of transformed fibroblasts.[@b26-pgpm-7-087] Several studies have shown that NPM-ALK increases the expression of genes that are involved in actin polymerization and the migration of lymphocytes like paxillin. Direct phosphorylation of Twist-1 downstream of NPM-ALK also promotes the invasion of ALCL cell lines.[@b27-pgpm-7-087]

The first intervention for ALCL patients with direct inhibition of ALK, was a report of two ALCL cases positive for ALK and refractory to chemotherapy. Both cases displayed excellent response with complete remission.[@b28-pgpm-7-087] The response for crizotinib in a clinical trial involving nine ALCL patients positive for ALK was excellent as seven patients showed complete remission, one a partial response, and one steady state tumor.[@b29-pgpm-7-087] The Children's Oncology Group has recently initiated a Phase II study of crizotinib in pediatric patients with newly diagnosed ALCL.[@b30-pgpm-7-087]

Inflammatory myofibroblastic tumor (IMT)
----------------------------------------

IMT are relatively rare soft-tissue tumors that usually occur in the lung, viscera, and soft tissues; however, they can occur at any anatomical site. The majority of cases are reported in children and young adults.[@b31-pgpm-7-087] Although IMT is considered a malignant tumor, its potential for distant metastasis is very limited. Half of the cases do not show recurrence after surgical excision and recurrent tumors are usually local. IMT constitutes an oncogenic proliferation of mesenchymal cells, with a characteristic infiltration of plasma cells and lymphocytes. The tumors can show cytologic atypia; however, there is not an established relation between cellular atypia and the risk for metastasis.[@b32-pgpm-7-087]

Chromosomal translocations that result in overexpression of ALK have been reported in more than 50% of IMT.[@b33-pgpm-7-087],[@b34-pgpm-7-087] The most common translocation partners for ALK are TPM3 and TPM4;[@b35-pgpm-7-087] however, other partners including DCTN1, ATIC, CLTC, CARS, RANBP2, SECT1L1, and PPFIBP1 has also been reported.[@b32-pgpm-7-087] Several studies have confirmed that ALK-positive cases occur in younger patients with no preferred anatomical location. As there is no clear histological or molecular marker that can predict the malignant transformation of IMT, several studies have compared the outcomes for IMT cases in relation to ALK expression. The results have been variable, but the risk of recurrence does not appear to be affected by the presence of ALK rearrangements.[@b32-pgpm-7-087] However, those that are positive for ALK rearrangements have a decreased risk for metastasis when compared to ALK-negative IMT.[@b32-pgpm-7-087] In contrast to other soft tissue tumors that also show positive staining for ALK, IMT are only associated with chimeric forms of ALK that do not encode the full length receptor and characteristically display high levels of ALK expression.[@b36-pgpm-7-087]

Although some of the molecular pathways that underlie the oncogenic role of ALK have been characterized in ALCL, it appears that a different mechanism may be present in IMT. Increased expression of c-Myc is associated with ALK-positive ALCL[@b37-pgpm-7-087] and constitutes a bad prognostic factor;[@b38-pgpm-7-087] in IMT, expression of c-Myc is similar between ALK-positive and ALK-negative cases.[@b32-pgpm-7-087] Similarly, Bcl-2 which is upregulated by STAT3 downstream of NPM-ALK, is detected only in a minority of cases of IMT.[@b32-pgpm-7-087]

Current therapy for IMT is surgical resection, which can be coupled with chemotherapy in cases that occur with local metastases or are recurrent. One patient with local extension and refractive for chemotherapy was enrolled in a clinical trial for crizotinib. The patient showed a good response with crizotinib and remained disease-free.[@b39-pgpm-7-087] In a different trial, seven patients with ALK rearrangements with IMT received crizotinib. None of the patients showed progressive disease in the time interval, three displayed partial response, and the rest remained with steady disease.[@b29-pgpm-7-087]

Non-small-cell lung carcinoma (NSCLC)
-------------------------------------

Lung cancer is the leading cause of cancer death, the third most common neoplasm and represents 13% of all new cancer cases in the US. NSCLC is the predominant type and represents more than 80% of the cases. The fusion oncogene EML4-ALK was discovered in a patient with NSCLC[@b40-pgpm-7-087] and is present in a minor portion of the patients. The fusion involves the N-terminal portion of EML4 and the C-terminal portion of ALK, which encompasses the intracellular kinase domain required for kinase activity.[@b40-pgpm-7-087] The EML4-ALK fusion protein is specific for lung carcinoma and the basic N-terminal domain of EML4 is required for dimerization of the protein and successful kinase activity of ALK.

Transgenic mice that selectively express EML4-ALK in lung tissue develop multiple nodules of adenocarcinoma, and selective inhibition of ALK kinase activity has a marked effect on reduction of the tumors.[@b41-pgpm-7-087] The frequency of EML4-ALK in NSCLC can be up to 7.5% and can be as high as 22% in non-smoker patients with NSCLC.[@b42-pgpm-7-087],[@b43-pgpm-7-087] The subtype of NSCLC most commonly associated with EML4-ALK is adenocarcinoma and the patients are predominantly males and young adults.[@b42-pgpm-7-087]

The signaling signature of NPM-ALK has many similarities with EML4-ALK. Experiments in human fibroblasts have shown that STAT3 and ERK are also targets for the kinase activity of EML4-ALK.[@b44-pgpm-7-087] Moreover, knock-down of STAT3 or ERK is sufficient to reduce the proliferative rate and induce apoptosis in transformed fibroblasts by EML4-ALK.[@b44-pgpm-7-087] However, activation of AKT/PI3 kinase pathways is not a predominant finding in EML4-ALK expressing NSCLC as has been shown for NPM-ALK expressing ALCL.[@b44-pgpm-7-087]

Therapeutic inhibition of ALK using a tyrosine kinase inhibitor was evaluated for the first time in patients through a clinical trial that included 82 patients with advanced NSCLC positive for EML4-ALK. In that study, 57% of the patients showed either partial or complete response, 33% remain at steady disease, and the disease-control rate was 87% after 8 weeks of therapy.[@b45-pgpm-7-087] The 12-month median survival after crizotinib therapy in NSCLC was 74.8%.[@b46-pgpm-7-087] A subsequent study comparing crizotinib versus chemotherapy in ALK-positive NSCLC showed that crizotinib had a higher response rate (65% versus 20%) and patients reported a reduction in symptoms and overall higher quality of life with crizotinib.[@b47-pgpm-7-087] Interestingly, NSCLC patients with translocations involving ROS1 tyrosine kinase share similar clinical features to patients with EML4-ALK, and one study suggested that a subset of these patients may also benefit from crizotinib therapy.[@b48-pgpm-7-087]

A small percentage of patients developed acquired resistance to crizotinib, and almost half of those cases are the result of emergent mutated ALK alleles with decreased sensitivity for crizotinib.[@b49-pgpm-7-087],[@b50-pgpm-7-087] The occurrence of acquired resistance without ALK mutations may be potentially due to the emergence of tumor clones with activation of other oncogenes such as K-ras.[@b50-pgpm-7-087] Development of a new generation of ALK inhibitors is promising for the treatment of crizotinib-resistant clones.[@b51-pgpm-7-087]--[@b54-pgpm-7-087]

Neuroblastoma
-------------

Neuroblastoma is the most common extracranial tumor in children and accounts for 12% of all cancer-related deaths in children.[@b55-pgpm-7-087],[@b56-pgpm-7-087] Neuroblastoma represents an oncogenic proliferation of neuroblast precursors and is the more severe form in the spectrum of neuroblastic tumors (including ganglioneuroblastoma and ganglioneuroma).[@b57-pgpm-7-087] Screening for ALK expression in several neuroblastoma tumors identified high-level expression of full-length ALK in a significant proportion of cases.[@b58-pgpm-7-087] Subsequently, large genetic screens identified mutations in ALK that predominantly occur in the tyrosine kinase domain and resulted in increased kinase activity.[@b59-pgpm-7-087]--[@b62-pgpm-7-087] The most common change identified was the mutation of *ALK* F1174L, although one study found R1275Q to be the predominant mutation.[@b62-pgpm-7-087] Mutated ALK at F1174L led to increased proliferation and decreased apoptosis of neuroblastoma cell lines.[@b60-pgpm-7-087]

Activating mutations in *ALK* are present in the majority of familial neuroblastoma cases and account for up 10% of sporadic cases.[@b56-pgpm-7-087] Detection of ALK by immunohistochemistry is directly proportional to the copy number of *ALK* and somatic mutations in *ALK* have been associated with a decrease in overall survival.[@b56-pgpm-7-087] The copy number of *ALK* is significantly higher in neuroblastoma cases compared to the lower spectrum forms of neuroblastic tumors (GNBL and GN).[@b23-pgpm-7-087] However, no significant difference has been found for ALK expression and neuroblastoma histological grade or tumor stage.[@b63-pgpm-7-087]

Amplification of the *MYCN* gene is the most common genetic aberration in neuroblastoma and has been associated with a bad prognosis.[@b64-pgpm-7-087],[@b65-pgpm-7-087] Both *ALK* mutations and *MYCN* amplifications can occur simultaneously, predominantly with the *ALK* F1174L change.[@b66-pgpm-7-087] *MYCN* prevents sympathoadrenal differentiation from neuroblastic cells, some of which will transform into neuroblastoma, which is potentiated by overactivated ALK.[@b67-pgpm-7-087]

A recent clinical trial recruited children with neuroblastoma with known or unknown *ALK* mutations and evaluated the clinical response after treatment with crizotinib. Out of the eleven patients with known *ALK* mutations, only one had a complete response, two remained with stable disease, and the rest showed progressive disease. Of these patients, two harbored germline mutations in *ALK*, one showed complete response, and the second stable disease. Twenty-three patients with unknown status of *ALK* genetic alterations were enrolled; of those, only one showed complete response, five remained with stable disease, and the rest developed progressive disease.[@b68-pgpm-7-087]

Rhabdomyosarcoma
----------------

Rhabdomyosarcoma is the most common soft tissue sarcoma in children.[@b69-pgpm-7-087] The prognosis for high-risk cases is poor and 50% of patients do not exceed 5-year survival.[@b70-pgpm-7-087] Based on an initial study that screened several cell lines for ALK expression,[@b71-pgpm-7-087] a subsequent study[@b36-pgpm-7-087] evaluated ALK expression in rhabdomyosarcoma samples and other mesenchymal tumors. By immunostain detection, 19% of rhabdomyosarcoma cases were positive for ALK. Interestingly, 40% of peripheral nerve sheet tumors, 9% of malignant fibrous histiocytomas, and 10% of leiomyosarcomas also showed positive ALK expression. A subset of cases were analyzed by FISH, and gene amplification as well as chromosomal translocations including NPM-ALK were detected.[@b36-pgpm-7-087] Two larger studies that included 83[@b72-pgpm-7-087] and 69[@b73-pgpm-7-087] cases of rhabdomyosarcoma reported that 28% and 53% were ALK positive, respectively. One of the studies also included 16 cases of malignant mixed Müllerian tumors; out of those, 25% showed positive ALK expression.[@b72-pgpm-7-087]

Two larger studies were not able to detect ALK translocations.[@b74-pgpm-7-087],[@b75-pgpm-7-087] Instead, one of the studies detected 59% of primary tumors with gene amplifications.[@b75-pgpm-7-087] The same study showed that metastases and local recurrences displayed ALK amplifications in 72% and 78% of the cases, respectively.[@b75-pgpm-7-087] The percentage of cases with an increase in ALK copy number is variable, as a different study found those events in only 18% of the cases.[@b74-pgpm-7-087] Mutations in the coding sequence of ALK have also been detected in a subset of the cases screened[@b75-pgpm-7-087] and the identified mutations were located in the RTK domain of ALK.

Significant association between alveolar subtype of rhabdomyosarcoma and ALK expression has been consistently observed.[@b70-pgpm-7-087],[@b72-pgpm-7-087]--[@b75-pgpm-7-087] Positive ALK expression and an increase in gene copy number show a positive relation with metastasis at time of diagnosis and worst prognosis.[@b74-pgpm-7-087],[@b75-pgpm-7-087] The large number of ALK-positive rhabdomyosarcoma cases and the elevated number of relapses with current therapies prompts ALK inhibition as a reasonable therapeutic option.[@b70-pgpm-7-087] A recent study has found that inhibition of ALK decreases the viability of rhabdomyosarcoma cell lines, especially of the alveolar subtype,[@b70-pgpm-7-087] constituting a promising step toward ALK therapy for rhabdomyosarcoma.

Diffuse large B-cell lymphoma (DLBCL)
-------------------------------------

DLBCL is the most common type of lymphoid neoplasia worldwide. It affects children and adults, and may be nodal or extranodal at presentation.[@b76-pgpm-7-087] This tumor is very aggressive; however, there are reported cases with complete remission.[@b76-pgpm-7-087] An initial study reported a collection of seven DLBCL cases that were positive for ALK and negative for CD30 and CD20 expression. The same study showed expression of full-length ALK and no chimeric isoforms.[@b77-pgpm-7-087] Later reports described similar cases of DLBCL positive for ALK expression, which harbored chimeric isoforms of ALK, including NPM-ALK. However, the vast majority of these cases featured the t(2;17) (p23;q23) rearrangement that fuses clathrin (CLTC) with ALK (CLTC-ALK).[@b78-pgpm-7-087]--[@b84-pgpm-7-087]

Further characterization of DLBCL positive for CLTC-ALK translocation showed increased phosphorylation of STAT3, suggesting common molecular oncogenic mechanisms with ALK-positive ALCL.[@b85-pgpm-7-087] ALK-positive DLBCL are usually aggressive tumors that are identified at the very advanced stages.[@b79-pgpm-7-087],[@b80-pgpm-7-087] These tumors are usually not responsive to conventional chemotherapy,[@b80-pgpm-7-087],[@b82-pgpm-7-087],[@b84-pgpm-7-087] and due to the absence of CD20 expression, treatment with rituximab is not usually indicated. In vivo studies in mouse xenografts showed that B-cell lymphomas with ALK expression show a good response to ALK inhibitors.[@b86-pgpm-7-087],[@b87-pgpm-7-087] One case report of a patient with advanced stage of ALK-positive DLBCL who was refractive to chemotherapy was treated with crizotinib. The patient displayed a very short response to crizotinib, possibly due to an aberrant ALK rearrangement.[@b88-pgpm-7-087]

Glioblastoma
------------

Glioblastoma is the most common glial tumor and patients have an expected survival of 1 year, despite therapy.[@b89-pgpm-7-087] Glioblastoma is thought to develop from neural stem cells with continuous aberrant proliferation.[@b90-pgpm-7-087],[@b91-pgpm-7-087] To further support this notion, aberrant expression of receptor tyrosine kinases involved in neural development have been detected in glioblastomas.[@b71-pgpm-7-087],[@b89-pgpm-7-087],[@b92-pgpm-7-087]

After the fusion protein NPM-ALK was identified, expression of full length ALK was predominantly detected in neurons from the central and peripheral nervous system at fetal stages.[@b93-pgpm-7-087] Subsequent studies showed that pleiotrophin (PTN) was a ligand for the ALK receptor.[@b94-pgpm-7-087] PTN is a growth factor that induces tumorigenesis and is also expressed in glioblastomas.[@b95-pgpm-7-087] The PTN-ALK signaling axis promotes oncogenesis of glioblastoma[@b91-pgpm-7-087] and its inhibition abolishes tumoral growth in mice xenografts of glioblastoma cell lines.[@b89-pgpm-7-087],[@b96-pgpm-7-087] Overall, these results suggest that inhibition of ALK could be a good therapeutic target for glioblastoma.

Other ALK-positive tumors
-------------------------

Abnormal expression of ALK that results from either chromosome aberrancies or mutations has been reported in isolated cases from other different types of tumors, which may also benefit from ALK inhibition.[@b97-pgpm-7-087] Screening for the presence of EML4-ALK transcripts revealed that a subset of breast and colorectal cancer samples harbor this translocation.[@b98-pgpm-7-087] A subsequent study showed increased ALK signaling resulting from copy number gain or the presence of EML4-ALK in a proportion of inflammatory breast cancer samples.[@b99-pgpm-7-087] Further work has failed to identify more cases of inflammatory breast cancer positive for ALK expression, suggesting that large cohorts are required to investigate the role of ALK in this type of tumor.[@b71-pgpm-7-087],[@b100-pgpm-7-087]

Somatic mutations in ALK have been detected in two cases of anaplastic thyroid carcinoma; these mutations were located in the receptor tyrosine kinase domain and resulted in gain of function of ALK.[@b101-pgpm-7-087] Two reports have found a minor subset of melanoma cases positive for ALK expression and rearrangements.[@b71-pgpm-7-087],[@b102-pgpm-7-087] Aberrant expression of ALK has also been detected in a significant proportion of Ewing sarcoma cases and cell lines;[@b103-pgpm-7-087],[@b104-pgpm-7-087] however, no significant clinical differences have been observed between positive and negative cases.[@b103-pgpm-7-087] Mutations in the receptor tyrosine kinase domain of ALK were identified in one of these studies and crizotinib decreased the viability of ES cell lines.[@b103-pgpm-7-087]

Conclusion
==========

Aberrant activity of ALK results in the activation of signaling pathways that promote oncogenic transformation of different cell lineages. Although the role of ALK has been well established, further studies are required to understand the oncogenic mechanisms operating in ALK-positive neoplasms in order to identify different targets that may play a role in cancer biology. Selective inhibition of ALK has been proven to be an excellent option in both ALCL and NSCLC, and will need to be further evaluated in patients with other ALK-positive tumors like neuroblastoma. Studies to determine the pharmacokinetics and optimal dose of ALK inhibitors in childhood and adolescent ALCL are currently ongoing.[@b30-pgpm-7-087] Given the tumor-specific expression of *ALK* rearrangements, other non-invasive methods for disease monitoring such as fusion-peptide detection by mass spectrometry[@b105-pgpm-7-087] or quantitative reverse-transcriptase PCR may also prove helpful in the management of patients with ALK-positive tumors.[@b68-pgpm-7-087]
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